Composite structures are widely used due to their superior properties, such as low density, high strength, and high stiffness-to-weight ratio (Mallick, 1993, Fiber-Reinforced Composites: Materials, Manufacturing, and Design, Marcel Dekker, New York). However, the lack of methodologies for variation modeling and analysis of composite part assembly has imposed a significant constraint on developing dimensional control for composite assembly processes. This paper develops a modeling method to predict assembly deviation for compliant composite parts in a single-station assembly process. The approach is discussed in two steps: considering the part manufacturing error (PME) only and considering both the PME and the fixture position error (FPE). Finite element method (FEM) and homogenous coordinate transformation are used to reveal the impact of the PME and the FPE. The validity of the method is verified with two case studies on assembly deviation prediction of two composite laminated plates considering the PME only and both the PME and the FPE, respectively. The proposed method provides the basis for assembly deviation prediction in the multistation composite assembly.
Introduction
Composite structures have been widely used in practice due to their low density, high strength, and high stiffness-to-weight ratio [1] . Assembly of composite structures is a manufacturing process of joining two or more composite parts together using various joining techniques. Due to the dimensional variability of parts, fixtures, and joining processes, variation inevitably exists when the composite parts are assembled together. Therefore, dimension analysis and variation reduction play an important role in the quality control of composite parts assembly process. To achieve satisfactory dimensional accuracy, one of the important challenges is to understand how dimensional variation of parts and fixtures impacts the assembly variation. The dimensional control of composite parts becomes more challenging due to its compliant nature and anisotropic characteristics of composite structures.
In recent years, research has been done in the area of assembly deviation modeling and analysis for the assembly of sheet metal compliant parts. Liu and Hu [2] proposed an offset element method to predict assembly deviation of sheet metal for a onedimensional model by combining engineering structural mechanics with statistical methods. Moreover, assembly tolerances in series and in parallel were evaluated by using linear mechanics [3] , which showed that the assembly deviation can be less than the "stacked up" of component deviations in compliant part assembly due to the fact that assembly deviation was affected not only by the geometry of the components but also by the stiffness of the components in parallel assembly. Liu and Hu [4] expanded the model to compliant sheet metal parts with 2D or 3D free-form surfaces by using FEM to construct a sensitivity matrix relating the incoming part deviation to the output assembly deviation. This method was called the method of influence coefficient (MIC).
MIC was further extended to multistation assembly processes with compliant parts by Camelio et al. [5] following the concepts of the stream-of-variation theory [6] . It is assumed that sources of variation are independent in the paper [5] . However, the independence assumption may not always be adequate [7] . Camelio et al. [7] presented the effect of geometric covariance of sources of variation on the calculation of assembly variation of compliant parts with consideration of the dependence of sources of variation. The covariance matrix of assembly was calculated by combining principal component analysis and finite element analysis (FEA) based on the MIC model. Choi and Chung [8] extended the concepts of the sources of variation and the MIC model for a compliant mechanical assembly by utilizing the welding distortion patterns and a transformation matrix to efficiently model the deformation due to the joining process. Matuszyk et al. [9] combined the point distribution modal and Kernel density estimation to provide a statistical shape model (the KDE-PDM) that can represent correlated variation modes. The KDE-PDM's capabilities make it particularly suitable to variation monitoring and diagnosis of high-dimensional measurement datasets. To further increase the prediction accuracy of assembly deviation, Dahlstrom and Lindkvist [10] considered contact between parts to avoid penetrations based on MIC. The contact model was composed of contact detection and a contact equilibrium search algorithm. To fully address the detailed process for 3D assembly of industrial complexity, Lee et al. [11] presented a streamlined procedure for variation analysis of a complex assembly, a commercial airplane's wing-box assembly.
Different from the MIC methods, Chang and Gossard [12] proposed a computational framework for predicting the deviations of an assembly consisting of compliant, nonideal parts (e.g., manufactured part with dimensional errors) by representing the deviations and displacements of the features with 6 Â 1 transformation vectors. Shui et al. [13] proposed a set of principles to decouple automotive parts into beam members, beam connectivity selection, beam-to-beam joint geometry modeling, and process locating 1 points for dimensional control of assembly process. To predict assembly deviation more accurately, Liao and Wang [14] and Xie et al. [15] considered the contact and friction between two assembly surfaces when they analyzed the nonlinear dimensional variation of sheet metal assemblies. In the assembly process, residual stress unavoidably exists in the assembly. Considering the effects of residual stress, Stewart and Chase [16] developed a new method, piecewise-linear elastic analysis, to statistically predict the deformation and springback resulting from the assembly fixtures. Peng et al. [17] analyzed the effects of processing and material parameters on springback of a specified laminated steel sheet. Abdelal et al. [18] proposed a nonlinear explicit finite element model to simulate the riveting process of the small panels and longitudinal stiffeners. The model can predict the deformation caused by the riveting process more accurately, but more expensive timewise compared to the MIC.
The existing literature has focused on the variation analysis of compliant assembly of isotropic sheet metal parts. They cannot be directly applied to the deviation modeling and analysis for compliant composite assembly due to the anisotropic characteristics of composite materials. In fact, few studies on deviation prediction of composite assemblies can be found in the literature. Dong and Kang [19] presented a method based on the response surface methodology by establishing a regression model, which can present the relationship between the part deviation and assembly deviation in the composite assembly process with the help of virtual experiments and FEA. There are three limitations in this method: (i) The method only considers the part variation without considering the fixture or tooling variation; (ii) for constructing the regression model linking part deviation with geometric tolerance of the corresponding assembly, the assembly deviation of each node on the assembly has to be computed using FEM. And then, the assembly deviation of all the nodes on the assembly should be transferred to geometric tolerance of the assembly. Both of the two aforementioned steps are very time consuming. (iii) This is a datadriven model method without considering the physics and design information of the assembly process.
In an assembly process, the fixture deviation has significant impacts on the assembly deviation [6, 20] . For dimensional control for an assembly process of rigid parts, Jin and Shi [6] and Ding et al. [20] analyzed the influence of fixture deviation over assembly deviation by converting fixture deviation vectors to part locating deviation vectors, and Huang et al. [21, 22] transformed fixture deviation to deviation of the reference points on the part by coordinate transformation. Camelio et al. [5] categorized fixture variation, which is perpendicular to the plane, into locating fixture variation and holding fixture variation. Nevertheless, Camelio et al. [5] only considered the effects of locating fixture variation at the relocation process, but did not consider the impact of locating fixture variation at the current assembly station. This paper studies the deviation modeling and analysis of compliant composite parts in single-station assembly process. The developed method considers the PME and the FPE as the sources of variation, and then predicts the output assembly deviation for compliant composite assembly processes. A separate paper, Part II of the current paper [23] , will model the variation propagation of composite parts in a multistation assembly process. The paper is organized as follows: After the Introduction, Sec. 2 discusses the factors influencing assembly accuracy and lists the assumptions of the model. Then, Sec. 3 develops a method to predict assembly deviation for compliant composite parts in a single-station assembly process given the PME and the FPE. Two case studies are conducted in Sec. 4 to illustrate how to apply the method to a realistic assembly issue. Finally, conclusions are drawn in Sec. 5.
Variation Factors and Assumptions

Variation Factors.
In the variation analysis of singlestation composite assembly process, there are two major variation factors: PME and FPE. In this study, only errors in the normal direction of parts (i.e., z direction of the part coordinate system) are considered because this paper focuses on large size plate components with small ratios of thickness to length and width.
2.1.1 Description of PME. A PME is revealed by the detailed shape of a manufactured part. In general, an infinite number of points are required to accurately represent the shape of a part, which will lead to time-consuming computational efforts. In order to balance the dimensional accuracy and computational efficiency, a set of key points on a part are selected to represent the PME, which include joined points (JPs), fixture points (FPs), and points of interest (also called measured points (MPs) in this paper). Any point on a part can be selected as an MP based on the interests in practice. A "3-2-1" principle [24] is a common locating mechanism for a rigid body. However, an "N-2-1" locating principle [25] is needed for a compliant part to prevent excessive deformation. For convenience of analyzing the effect of the FPE on the assembly deviation, the fixtures are classified into two groups in this paper: the "3-2-1" locating fixtures and the "N-3" holding fixtures [5] . Furthermore, the FPs are further grouped into two types of points: locating FPs (LFPs) and holding FPs (HFPs). Three LFPs are utilized to establish a datum to evaluate the PME of other key points. As shown in Fig. 1 , a coordinate system Oxyz is established as the datum using those three LFPs. The dotted lines represent the ideal part, while an actual part is marked with solid lines. LFPs are marked with circles, and the ith LFP of the mth part can be denoted as LFP m i . Ellipses, diamonds, and crosses are signs of HFPs, MPs, and JPs, respectively. The following figures adopt the same marks for all of the key points. They are denoted in the same way as LFPs, as shown in Fig. 1 . The apostrophe is utilized to distinguish the key points of the actual parts from the corresponding points of the ideal parts. The small triangles with letters associated to them represent the constraints provided by the locating fixtures. The letters here mean the directions of constraints provided by these fixtures. When a PME is evaluated, parts are considered to be constrained by three locating fixtures in the nominal position. A PME is defined as the position differences between the key points of the actual part and the corresponding key points of the ideal parts in the coordinate system Oxyz. Therefore, the PME of those three LFPs is zero.
Description of FPE.
In our study, the ratios of part thickness to the length and width of the part are very small (4:1000-6:1000). Thus, the impact of the FPE in the plane on the assembly deviation can be ignored. FPE is classified into two types: locating fixture deviation (LFD) and holding fixture deviation (HFD). Both of them are defined as the position difference between the actual position (solid triangle) of a fixture and its ideal position (dotted triangle) in the z direction based on the datum built for PME, as shown in Fig. 2 . They are denoted as v Fig. 2(a) , the dotted lines, solid lines, and dotted-dashed lines represent an ideal part, an actual part, and a part state caused by the PME and the LFD, respectively. The deviation of all the key points on the parts caused by the PME and the LFD is defined as the position Transactions of the ASME differences of the key points on the dotted-dashed lines with respect to its projection on the ideal part. The influence of the LFD can be treated as transferring the actual part from its nominal locating fixtures (the solid lines) to the actual locating fixtures (the dotted-dashed lines) by a rigid translation and rotation. Different from LFD, HFD can deform compliant parts. As shown in Fig. 2(b) , the part is deformed from the dotted-dashed lines to the double dotted-dashed lines due to the impact of the HFD, which causes deviation of the key points except LFPs. Extra deviation caused by the HFD is defined as the position difference of key points on the double dotted-dashed lines and the key points on the dotted-dashed lines in the z direction. The part total deviation (PTD) is the deviation of each key point resulted from PME, LFD, and HFD. The deviation of each key point on a part is represented as
• 2 LFP i ;HFP j ;JP h ;MP g f g ;Ã2 PME;MLF;HFD; f À PTDgÞ. m (m¼1,2), i(i¼1,2,3), j(j¼1,2…,J), h(h¼1,2,…,H), and g(g¼1,2,…,G) are indexes of parts, LFPs, HFPs, JPs, and MPs. (4) The PME and the FPE are small enough. Thus, the part stiffness matrices, the assembly compliance matrix, and the sensitivity matrix can be treated as constant during the assembly process, and they are equal to the ones with nominal geometry located at the nominal fixtures. (5) Gravity is not considered. The deformation caused by gravity is not taken into account here.
Assembly Deviation Prediction for Composite Parts in Single-Station Assembly
In this section, we will present our deviation modeling and analysis methods in two steps: (1) deviation modeling and prediction considering the PME only, and (2) deviation modeling and prediction considering both the PME and the FPE.
Deviation Prediction of Composite Assembly
Considering the PME Only
Assembly Process of the Laminated Composite
Plates. Numerous papers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] can be found studying how to model assembly deviation for sheet metal assembly. Similar to sheet metal assembly, the assembly process of laminated composite plates is a type of compliant part assembly, which is comprised of four steps ( Fig. 3 ):
(1) Loading parts to the fixtures ( Fig. 3(a) ): After the two parts are located at the nominal fixtures, the PME is very clear. Vectors, PME V P1 and PME V P2 , can be used to represent the PME of these two parts if each part has more than one source of variation. and K x P2 , the clamping forces needed to close the gaps will be given by
are different from the part stiffness matrices of a sheet metal. Because composite material is anisotropic material, coupling effects exist in nonsymmetric laminated composite plates. For example, tension (or compression) deformation and shear deformation will be created when bending load is exerted on a nonsymmetric laminated composite plate [26] . The derivation of the part equivalent stiffness matrix will be presented in the later part of this section. where matrix RC S PÀA is called the sensitivity matrix. It linearly relates the input, PME, PME V P1 and PME V P2 , to the output, springback deformation of assembly RC V A . In this case, the spring-back deformation of assembly is just the assembly deviation, V A .
Derivation of Equivalent Stiffness Matrix and Compliance Matrix for Laminated Composite Plates.
To model dimensional deviation for a laminated composite plate assembly, a new finite element equation expressing the relationship between the external forces and the deformation, as shown in Eq. (3), is derived on the basis of finite element theory. The derivation process is presented in Appendix A
For step 2 of the assembly process, there are only forces in the z direction in the assembly process, as shown in Fig. 3(b) . It indicates that
Substitute Eq. (4) into Eq. (3), and with proper derivations, we get
where K x is called as the equivalent structure stiffness matrix to distinguish it from the structure stiffness matrix K. The expression of K x can be presented as
For an isotropic sheet metal assembly, the relationship between the assembly force in the z direction and the structure deformation in the z direction for isotropic sheet metal is represented as K xx Á x ¼ F x , which was developed in the MIC literature [5, 7] . It is noticed that the relationships between the assembly force and the structure deformation for isotropic sheet metal and anisotropic laminated composite plates are different. Furthermore, the sensitivity matrix for those two types of material is different. Due to the consideration of the coupling effects of the displacement in the x, y, and z directions for the anisotropic composite plates, the proposed modeling methods can be applied to predict the assembly deviation of anisotropic composite part assembly.
For the releasing step, the equilibrium equation of the springback deformation with respect to releasing forces can be expressed as follows:
Also, Eq. (4) holds for the releasing process and is substituted into Eq. (6) to establish the relationship between the displacements and the forces in the z direction as shown in the following equation:
In practice, all the equivalent stiffness matrices K x P1 , K x P2 and compliance matrix C xx A can be attained by running finite element models of each part and the assembly. As discussed in Sec. 2.2, the nominal parts and assembly can be used to obtain the matrices instead of the actual parts and assembly.
To obtain part stiffness matrices, a unit displacement load in the x direction is applied at each JP of the nominal part. The forces in the x direction at these points are recorded and sorted in a matrix to represent the block stiffness matrix K uu . It implies the forces needed in the x direction for generating such displacements in the x direction. Similarly, other block stiffness matrices can be gained as described in Table 1 . As for assembly compliance matrix, a unit force load in the z direction should be exerted at each (1) and (2), the assembly deviation is predictable as long as the part deviation of JPs is given.
The method is developed based on the MIC, and the method can predict the assembly deviation for composite assembly. Thus, the method is called as "MIC for composite assembly."
Deviation Prediction of Composite Assembly
Considering Both the PME and the FPE. In the composite assembly, in addition to the PME, the FPE also has great effects on the final assembly accuracy. However, no references considering the impact of both the PME and the FPE on the 3D compliant assembly were found. Figure 4 shows the procedures of deviation prediction. In Fig. 4 , Ã V
• Ã 2 ð PME; MLF; HFD; PTD; C; RC f g ; • 2 LFP; HFP; JP; MP f g ; 2 P m ; A f g; m ¼ 1; 2 ð Þ Þ represents the deviation vectors of parts, assembly, or fixtures, where "Ã" is corresponding to the causes of deviation ("C" and "RC" are short notations for "deviation caused by clamping parts to the nominal position" and "deviation caused by releasing clamps," respectively), "•" shows the specific key points, and "᭺" indicates the Table 1 Block stiffness matrix
The directions of unit displacement load
The directions of forces Fig. 4 Procedures of assembly deviation prediction considering both the PME and the FPE 
The sensitivity matrix S uses the same nomenclature as the deviation vectors. Additionally, in the nomenclature of S, "A-B" means the sensitivity matrix relates the deviation of A to the deviation of B. Since the part moves along the z axis only from the nominal position of LFP 1 1 to its actual position, the following equation should hold:
(ii) In the second step, the shifted lines (double dotted-dashed lines) are rotated around the x axis until point LFP 1 2 reaches the solid lines, which is shown in Fig. 5(c) 
Up to now, all the three LFPs of the part get to their actual positions, and the transfer process is completed. Finally, the total transformation matrix and the transformation relationship are presented in the following equations: 
where (x, y, z) represents the coordinate values in the coordinate system Oxyz. The superscripts "A" and "N" denote that the part is located at the actual position of fixtures and the nominal position of fixtures, respectively. The subscripts use the same nomenclature as the deviation vector V.
In practice, it is easy to obtain x and y coordinates depended on the positions of all fixtures and dimensions of the parts. The z coordinates are equal to the corresponding PME, as illustrated in Eq. (13) . Part deviation caused by the PME and the LFD is the actual z coordinate, as expressed in Eq. (14) z
Extra Part Deviation of JPs and MPs
Caused by the HFD Before Clamping Parts to the Nominal Position. HFPÀMP , respectively. The sensitivity matrices represent the displacement response of JPs and MPs to a unit displacement load at HFPs. Therefore, an extra part deviation (i.e., displacement response) of JPs and MPs caused by the HFD can be represented as
Finally, the PTD of JPs and MPs caused by all the sources of variation will be
Assembly Deviation of MPs After
Assembly. Similar to the assembly process considering the PME only, the assembly process considering the PME and the FPE is described in Fig. 6 . 
Note that in the process of clamping, the direction of displacement at JPs is opposite to that of PTD of JPs.
When it comes to the final step, spring-back deformations are generated in the assembly due to the releasing of clamps. Similar to the discussions in Sec. 3.1, the spring-back displacement at MPs can be represented as
where the input is the PTD in this case, not just considering PME. If JPs are points of concern, in other words, JPs are selected as MPs, the assembly deviation will be
Otherwise, the assembly deviation will be
Case Study
Two case studies are conducted to illustrate how to predict assembly deviation in these two settings discussed in Sec. 3. Table 2 . Those two parts are constrained by fixtures marked by small triangles in Fig. 7 . The constrained directions are represented with letters associated to triangles. In this study, three couples of JPs are assumed to be located at the edge of the parts. In each part, two fixture locators are positioned at two corners and other fixture locators are distributed uniformly along the centerline of the part, as shown in Fig. 7 .
Case 1: Problem Definition for Assembly Deviation
Prediction of Composite Assembly Considering the PME Only. In this case study, we consider deviations of all the key points as the potential sources of variation. Those key points include LFPs, HFPs, JPs, and MPs. Based on the definition of PME, the PME of LFPs is zero. The sources of variation are PME of two JPs at the free corners. The case study will be conducted in two problem settings to prove that the developed method is valid statistically and can predict assembly deviation of any points of the assembly accurately.
(i) Problem one is to find the mean and standard deviation of errors of one point (i.e., MPs) on the assembly, given the Transactions of the ASME mean and standard deviation of the sources of variation. In this study, the joined point JP 1 1 is selected as the MP. The deviations of the sources of variation are generated by MATLAB. The deviations of each source of variation follow a normal distribution; the mean and the standard deviation of the distribution are set as l ¼ 1 and r ¼ 1, and the sample size is n ¼ 500. Four sources of variations are independent to each other. The results of deviation prediction gotten using the MIC for composite assembly will be compared with that of the Monte Carlo simulation (MCS). The MCS is performed by running a finite element model, which considers the deviations of the sources of variation, following the steps described in Sec. 3.1.1.
(ii) Problem two is to predict the assembly deviations of all points (nodes) of the final assembly, given one set of source of variation randomly chosen from these 500 sets of sources of variation. Similarly, the prediction results will be compared with that of the MCS.
Case 2: Problem Definition for Assembly Deviation Prediction of Composite Assembly Considering
Both the PME and the FPE. Various variation factors are regarded as sources of variation. The generation of the deviation of sources of variation in case 2 follows the same procedure and assumptions used in case 1. The PME of JPs, HFPs, and MPs follows normal distributions (l ¼ 1, r ¼ 1, and sample size n ¼ 500). The LFD and the HFD follow normal distributions (l ¼ 1, r ¼ 1, and n ¼ 500) and (l ¼ 2, r ¼ 1, and n ¼ 500), respectively. For convenience of comparison with results predicted in problem 1 of case 1, joined point JP 1 1 is chosen as MP.
Prediction
Results and Discussion. The prediction results in two cases are presented in two parts.
Deviation Prediction Results of Composite Assembly
Considering the PME Only. The prediction results are exhibited in two sections, based on the problem described in Sec. 4.1.1. In either section, the sensitivity matrix should be specified first. To guarantee the accuracy, 1681 nodes are created in the finite element model, as shown in Fig. 8 , to calculate the stiffness matrices and the compliance matrix. For the second problem, the size of sensitivity matrix is 1681 Â 4, if all the nodes are treated as MPs. To balance the prediction accuracy and computational efforts, 50 nodes uniformly distributed on the assembly are selected as the MPs marked by circle as shown in Fig. 8 . Depending on the methods discussed in Sec. 3.1, the stiffness matrices of parts 1 and 2 and sensitivity matrix for 50 MPs are given in Appendices B and C, respectively.
For problem 1, JP 1 1 (i.e., node 21 in Fig. 8 ) is selected as the MP. The corresponding sensitivity matrix is comprised of the terms in the 21st row of the sensitivity matrix for 50 MPs Given the deviations of four JPs and the sensitivity matrix, the deviations of the MP can be obtained by using Eq. (1). As discussed earlier, the MCS is conducted with the same problem settings. Figure 9 describes the distributions of assembly deviations predicted with the two methods. The mean and standard deviation of the deviation simulation are presented in Table 3 . Table 3 shows that the prediction results of MIC for composite assembly are highly consistent with the results from the MCS method. In addition, the deviation of the assembly may be smaller than the deviation of the sources of variation because the sources of variation may counteract each other, which can be observed in this case study.
As to problem 2, only one set of source of deviation is given as shown in Table 4 .
According to the sensitivity matrix presented in the Appendices, the assembly deviations of the 50 nodes are calculated. Figure  10 and Table 5 show the comparison of the result from the MIC for composite assembly, v, and the result from the MCS, v MCS . Those results indicate that these two methods coincide with each other very well, which verifies that the MIC for composite assembly is valid for any points on the assembly.
Considering the PME and the FPE. To analyze the influences of the FPE over the assembly variation, comparison of the assembly Before the analysis of the impacts of the FPE on the assembly variation, it is necessary to verify the validity of the prediction results from the developed MIC for the composite assembly. Considering the PME and the FPE, the deviation prediction results of composite assembly from the MIC for composite assembly and that from the MCS method are shown in Table 6 . The comparison study indicates that the prediction results from the MIC for composite assembly are satisfactory.
The deviation track of node 21 during the assembly process is shown in Fig. 11 and Table 7 . Table 7 shows that the LFD and the HFD can significantly affect the part deviation before joining two parts together. However, the assembly process may decrease the assembly deviation due to the counteracting deviation of two parts before the assembly is unloaded from the fixtures.
The comparison of assembly deviation caused by the PME and that caused by both the PME and the FPE is presented in Table 8 . It suggests the impact of the FPE over assembly deviation cannot be neglected because they change the assembly deviation significantly.
Conclusions
This paper developed a method of predicting assembly deviation in a single-station composite assembly process with consideration of both the PME and the FPE. Based on the method discussed in Ref. [4] , an MIC for composite assembly is proposed to study the deviation modeling for compliant composite part assembly. In this method, an equivalent stiffness matrix K x P is derived to define the relationships between the parts deviations and the assembly deviations with the help of the FEA theory. Homogenous transformation is used to represent the influence of the LFD, while the impact of the HFD is addressed by establishing a sensitivity matrix between HFPs and JPs (or MPs). As a result, a new method is developed to predict the assembly deviation based on the given sources of variation. Two case studies are conducted: the first case study is to predict the assembly deviation with the consideration of the PME only. The results of deviation prediction with the proposed MIC for composite assembly are consistent to Fig. 10 Comparison of two methods for the second problem Table 5 Comparison of two methods for the second problem
The largest value 21 0.00199 37 0.3127 The smallest value 39 0.00001 14 0.0203 Fig. 11 Deviation distribution of node 21: (a) considering PME 1 LFD, (b) considering PME 1 LFD 1 HFD, and (c) after assembly that of MCS, which demonstrates the accuracy and confidence of the proposed method; the second case study reveals that deviations are absorbable due to neutralization of two parts deviation in an assembly process before unloading the assembly from the fixtures.
The major contributions of this paper are summarized as follows:
(1) It develops a method of predicting the assembly deviation for composite assembly. Considering the anisotropic characteristics of laminated composite plates, a force in the single direction applied to the structure will lead to the displacements in the x, y, and z directions. In this paper, the displacement in one single direction and the force in one single direction are of our concern. Therefore, the relationship between the structure deformation in the z direction and the force applied to the structure in the z direction is derived in this paper to establish a model relating the assembly deviation to the part deviation. The key challenge to predict the assembly deviation for the laminated composite plates is to decouple the relationship between the displacement of the assembled part in one single direction and the force applied in one single direction from the relationship between the displacement of the assembled part in all x, y, and z directions and the force applied in one single direction. (2) The developed modeling and analysis method considers all three sources of variation, including the PME, the LFD, and the HFD, in the assembly deviation prediction and analysis. A homogenous transformation method is adopted to analyze the deviation caused by the LFD and the HFD. The extra deformation of the structure caused by the HFD is obtained by a sensitivity matrix relating the displacement of the HFPs to the displacement of the other key points. Eventually, the PTD is attained by summing the deviation caused by the PME and the LFD, as well as the additional deformation caused by the HFD together. The PTD is the total input of the prediction model proposed in this paper.
According to the principle of minimal potential energy, the total potential function can be represented as
where the first term is the potential energy generated by the internal force; the second term and the third term are the potential energy created on the boundary of a plate; and the last three terms represent the potential energy produced by three external forces: the body force q, the concentrated force F, and the bending moment M. Clamping plates to the nominal position or releasing clamps after joining two plates can be viewed as a plate bending problem. In the process, no potential energy is created on the boundary of the plates [27] , and only the concentrated forces are imposed on the plates. Thus, Eq. (A1) can be simplified as 
where e represents general strains, F is the concentrated force, and u is the displacement corresponding to F. D is defined as an elastic relationship matrix which is linearly related to the general internal forces with general strains. For a bending problem of composite laminated plates, the relationship between the general internal forces N M Â Ã T and the general strains e are given by
Here, e¼ e where strains e incorporate the normal strains on the midplane in the x and y directions, the shear strains on the midplane and three types of plate curvatures, general internal forces [N M]
T tensile forces, shear force, bending moment, and torsion moment [28] . Matrices A, B, and D are named as extensional stiffness matrix, coupling stiffness matrix, and bending stiffness matrix, respectively. All the elements of matrix C are the function of engineering constants, elastic modulus E, Poisson's ratio, shear modulus G, and thickness of every ply of composite laminated plates. Accordingly, Eq. (A2) can be rewritten as
Linkage between the strains and the displacements can be presented as
where u is a displacement vector comprised of displacements in the x, y, and z directions; L is the differential operator that relates the general strains to the general displacements. They are expressed as 
To construct the finite element form of a bending problem with the composite laminated plates, the plate structure should be split into many small elements. How fine the structure needs to be meshed is essential to balance the simulation accuracy and the computational efficiency. Generally, the more the elements there are, the more accurate the simulation results will be, and also the more time needed for computation. However, once the mesh is fine enough, a finer mesh will not significantly contribute to more accurate results. It is of great importance to determine how fine the mesh should be in practice. In addition, the shapes of elements are critical to the simulation accuracy. The most commonly used element is the triangle element that shows a strong adaptability to complex shapes of the analyzed structures. Triangle elements with three nodes are taken, for instance, to derive the finite element equation. Each node has three degrees-of-freedom displacements in the x, y, and z directions. As shown in Fig. 12 , displacements in the x, y, and z directions for the node i are denoted as u i , v i , and x i . Node displacement vector for a triangle element can be represented as where vector u represents the displacements of any point in the element in the x, y, and z directions; N is an interpolation function. Substituting Eq. (A6) into Eq. (A5) gives
For convenience of expression, the element stiffness matrix K e and vector of element equivalent node load F e are defined as follows: Fig. 12 Triangle element with three nodes 
The above equation specifies that each term of total potential energy of the structure can be represented as the summation of the corresponding terms in the total potential energy matrices of all of the elements. It implies that the order of element displacement matrices (i.e., degree-of-freedom of element nodes) should be equal to the order of structure displacement matrices (i.e., the degree-of-freedom of structure nodes). Hence, a transformation matrix G should be introduced to represent the displacement vector of element nodes using displacement vector of structure nodes
where Here, i, j, m, and n are the number of nodes that compose the structure, respectively. Substituting Eq. (A9) into Eq. (A8) gives the discrete form of total potential energy
The stiffness matrix and the vector of equivalent node load of the whole structure are represented as
Accordingly, Eq. (A10) can be rewritten as
Based on minimum potential energy principle and variational principle, it is given that
The corresponding matrix form of Eq. (A11) is Here, the mechanics meaning of the term K rs ij in the structure stiffness matrix is the force in the r direction needed from the ith node to produce the unit displacement in the s direction at the jth node, and n is the total number of nodes. 
